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Abstract
Carbon capture and storage (CCS) is widely regarded as a promising tool for reducing
global atmospheric carbon dioxide (C0 2 ) emissions, while allowing continued use of
fossil fuels in the 21st century. In CCS, CO 2 is captured at point sources such as
coal power plants and injected deep underground in geological formations like saline
aquifers for long-term storage. Given the large scale of CCS required to significantly
reduce anthropogenic CO 2 emissions into the atmosphere, it is critical to understand
the migration of CO 2 after injection, so that we can design effective injection strategies
to minimize the leakage risks of CO 2 . Recent studies have demonstrated that simple
models that incorporate the essential physics involved in CO 2 storage are able to make
significant contributions in addressing important questions such as storage capacity
and leakage risks in large scale CO 2 sequestration projects.
Here, we study the impact of capillarity on the migration of CO 2 plume through
exchange flow experiments of immiscible fluids. We show that capillarity leads to
the development of striking features not present in miscible exchange flows, including
a vertical pinned interface and sharp corners. We show that interface pinning is
caused by capillary pressure hysteresis, and the amount of pinning scales with the
relative strength of capillarity relative to gravity, as measured by the inverse of the
Bond number. We demonstrate that capillary pressure hysteresis in porous media is
caused by the fundamental difference in pore-scale invasion patterns between drainage
and imbibition. In addition, we propose a sharp interface gravity current model that
incorporates capillary pressure hysteresis and quantitatively explains the experimental
observations, including the x ~ t1/2 spreading behavior at intermediate times and the
fact that capillarity stops the spreading of a finite release current. These results
suggest that interface pinning has important implications in the migration of CO 2
plume in deep saline aquifers.
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Chapter 1
Introduction
There has been overwhelming evidence that anthropogenic carbon dioxide (CO 2 )
emissions are a major contributor to global warming [14]. Storage of CO 2 in geological
formations is widely regarded as a promising tool for reducing global atmospheric
CO 2 emissions (see, e.g., [1, 15, 28, 25, 29]). Given the large scale of CO 2 storage
required to significantly reduce anthropogenic CO 2 emissions into the atmosphere, it
is critical to understand the migration of CO 2 after injection, so that we can design
effective injection strategies to minimize the leakage risks of CO 2 . Recent studies have
demonstrated that simple models that incorporate the essential physics involved in
the subsurface spreading and migration of the CO 2 plume are able to make significant
contributions in addressing important questions such as storage capacity and leakage
risks in large scale CO 2 sequestration projects [29].
1.1 Saline Aquifers and Gravity Currents
Saline aquifers are geologic layers of permeable rock located 1 to 3 km below the
surface, saturated with salty groundwater, and, in general, lined on top by a layer
of much less permeable "caprock" [18]. They have been considered as ideal storage
sites for CO 2 (see, e.g., [1, 25, 14]) due to their geologic prevalence around the globe,
as well as their large storage capacity [14, 26, 29]. At reservoir conditions in such an
aquifer, CO 2 is less dense than the resident groundwater, as a result, it will migrate
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upward due to buoyancy and spread along the top boundary of the aquifer [18].
The migration of CO 2 in a saline aquifer falls into the broad class of fluid-mechanics
problems known as gravity currents, wherein a finite amount of one fluid is released
into a second, ambient fluid [18]. The flow is driven by the density difference between
the introduced fluid and the ambient fluid.
Successful deployment of geologic CO 2 sequestration relies on several trapping
mechanisms to prevent upward leakage of the buoyant CO 2 to shallower formations
or the surface. The two primary trapping mechanisms are residual trapping, in which
blobs of CO 2 become immobilized by capillary forces, and solubility trapping, in
which CO 2 dissolves into the groundwater [9, 29].
1.2 Previous Work
Several cases of gravity currents in porous media were considered by Huppert and
Woods [13]. They developed a series of solutions to describe the motion of instan-
taneous and maintained releases of buoyant fluid into a denser fluid, which they
compared with analogue laboratory experiments in a Hele-Shaw cell. The mathe-
matical model that they solved is often referred to as the hydrostatic sharp interface
model, which has been derived independently in hydrology [3], and in petroleum en-
gineering [31]. The model is based on the following assumptions: (1) the fluids are
completely separated by a sharp interface, (2) the pressure distribution in both fluids
is hydrostatic, (3) capillary effects between the fluids are neglected.
In the past decade, the study of gravity currents under the general framework of
sharp interface models has received renewed attention in the context of geologic CO 2
sequestration. Sharp interface models are able to simulate flow over large distances
due to their relatively low computational cost compared to full numerical simulations,
thus they are considered as essential tool in selecting potential storage sites and
estimating storage capacities of a wide range of aquifers [23, 29]. Hesse et al. [10]
consider the post-injection spreading and migration of the CO 2 in a planar geometry,
developing early- and late-time similarity solutions for the extent of the plume. They
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found the tips of the fluid interface (nose positions) propagates as x oc t 1/ 2 during
early times, when the released fluid fills the entire height of the layer, and later as
x oc t 1 / 3 , when the height of the released fluid is smaller than the thickness of the
layer. MacMinn et al. [19] present a complete solution to a theoretical model for the
migration of CO 2 due to natural groundwater flow and aquifer slope and subject to
residual trapping. They also incorporated solubility trapping in a later study [20].
Until recently, capillary effects in geologic CO 2 sequestration have only been con-
sidered in the context of residual trapping, a phenomenon that occurs when capillarity
draws the wetting fluid (in this case, groundwater) preferentially into smaller pore
spaces before larger ones and causes pre-existing films of wetting fluid to snap off,
trapping the non-wetting fluid (in this case, C0 2 ) [17]. Residual trapping is ac-
counted for by incorporating a discontinuous coefficient on the accumulation term of
the sharp interface model [11, 19]. Recently, Nordbotten and Dahle [24] add capillary
fringe-a partially saturated layer between the buoyant CO 2 plume and the ambient
groundwater-to the sharp interface model and find that even modest capillary fringe
has a first-order impact on the migration of the CO 2 plume. Golding et al. [8] study
the impact of capillary fringe as a function of capillary pressure and relative perme-
ability, both of which are modeled as functions of saturation of the non-wetting fluid.
They find residual trapping increases in the presence of a capillary fringe.
1.3 Motivation for Current Work
Despite recent theoretical studies on capillary fringe of immiscible gravity currents [24,
8], there has not been laboratory experiments on this problem. Here, we perform
bench-scale flow experiments, using immiscible analogue fluids, to study the effect
of capillarity on the macroscopic flow of gravity currents. We find capillary forces
strongly affect the flow behavior even in the absence of a capillary fringe, and they
lead to pinning of a portion of the initial fluid interface which impact the flow at all
times. This phenomenon has not been reported in the past and it is likely to play a
significant role in the migration of CO 2 plumes.
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Chapter 2
Experimental Investigation
We investigate the exchange flow of two immiscible fluids in a porous medium using
table-top experiments in a quasi-2D transparent cell packed with glass beads. We
observe a portion of the initial interface remains pinned, a macroscopic flow feature
absent from exchange flow of miscible fluids. To visualize the flow behavior at the
pore scale, we perform the same experiments in a Hele-Shaw cell etched with regular
pattern of cylindrical posts, an analogue system for porous media. In this chapter,
we describe the experimental system and present the experimental data.
2.1 Materials and Methods
We describe here the experimental set-up and different fluids used in the experiments.
2.1.1 Flow Cells
We conduct immiscible exchange flow experiments in rectangular, quasi-2D flow cells
packed with soda-lime glass beads. We constructed 4 flow cells with different heights
(2.5 cm, 5.2 cm, 10.3 cm, 20 cm) and similar lengths (~ 55 cm) [Figure 2-1]. Each
flow cell consists of three pieces of laser-cut acrylic-solid front and rear panels, and
a middle spacer that frames the working area. The spacer is clamped between the
front and rear panels via bolts. Once assembled, we orient the cell "vertically" and
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fill it with glass beads via a port on the spacer. We shake the cell during filling to
generate a tight, consistent bead pack. Once the cell is full, we plug this port. Our
cell is an idealized, yet good approximation of the porous media in a saline aquifer, as
a random close packing of monodisperse spheres is a simple but realistic model of an
unconsolidated well-sorted sandstone [5]. We used glass beads with mean diameters
ranging from 0.36 mm to 2.1 mm. A complete list of all the experiments is included
in Appendix A.
(a) hole for (b)
adding beads
2, 5. 10, or 20 cm1
injection port
(buoyant fluid)
56 cm
digital camera
injection port
(ambient fluid)
Figure 2-1: Experimental set-up. (a) To add the fluids to the cell, we orient the
cell vertically. We add the ambient fluid via a port near the bottom in the vertical
orientation. We inject the ambient fluid slowly using a syringe pump in order to
measure the volume injected. Once the ambient fluid is filled to the desired level,
we inject the buoyant fluid via a port near the top in the vertical orientation. We
then close all ports. (b) To initiate an experiment, we quickly rotate the cell by 90
degrees so that it lies horizontally on the table, between an LED backlight and a
digital camera. We record the experiment as a sequence of still images. After the
experiment, we disassemble the cell, discard the beads, and wash the acrylic plates.
2.1.2 Fluid Properties
We use three fluid pairs in our experiments. Air acts as the buoyant fluid in all three
fluid pairs. For the ambient fluid, we use silicone oil (p=0.96 g/cm3 , p=0.48 g/cm-
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s, 'y=20 dyn/cm), propylene glycol (p=1.04 g/cm 3 , p=0.4 6 g/cm-s, 7=41 dyn/cm),
and a glycerol-water mixture (p=1.2 g/cm 3 , p=0.47 g/cm-s, -y=63 dyn/cm), where
p, y, and y denotes density, dynamic viscosity, and surface tension respectively. We
measure the static advancing and receding contact angles of each of the fluid pairs
used in our experiments, on a soda-lime glass substrate [Figure 2-2]. The measure-
ments were made using the sessile drop method, on a ram6-hart Model 590 Advanced
Automated Goniometer.
(a) air/silicone oil
(b) air/glycerol-water mixture
(c) air/propylene glycol
Figure 2-2: Measurements of the static advancing (0a) and receding (0,) contact
angles of the fluid pairs. While air/glycerol-water mixture and air/propylene glycol
exhibits contact angle hysteresis on glass, silicone oil is perfectly wetting to glass with
respect to air and has an advancing and receding contact angle of 00.
2.1.3 Micro-model
To visualize the flow behavior at the pore scale, we also perform exchange flow ex-
periments with air and silicone oil in a micro-model etched with regular pattern of
cylindrical posts. This system serves as a porous medium analogue in the sense of
introducing microstructure, but without the complexity of a random medium and
permits visualizing the flow at the pore level [Figure 2-3]. Similar micro-models have
been used in the past to study the pore level invasion patterns of drainage and imbi-
bition [16, 6].
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0 0
d 1mm d
0
H
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2mm
Figure 2-3: (a) The micro-model is a Hele-Shaw cell consisting of two pieces of acrylic
5 cm tall and 50 cm long. We etch regular pattern of cylindrical posts on one of the
acrylic pieces. (b) The diameter of each post is 1 mm, and each post is 1 diameter
away from its closest neighbors. (c) The height of the posts is approximately 2 mm.
2.2 Experimental Parameters
To determine the control parameters of our experiments, we perform a dimensional
analysis, following the procedure explained by Barenblatt [2]. The variables involved
in the immiscible exchange flow are: height of the flow cell H, densities of the buoyant
and dense fluids, pi and P2, respectively, corresponding fluid viscosities, p1 and pu2 ,
interfacial tension -y between the fluids, bead size d, gravitational constant g, and
time t. The relevant dimensionless numbers are
11 112
H Pi
p1u2
H5 = -7/d '
H p2 d
3 
, H4
P2HU2 t
r1=-/d ' r7=H|U'
(2.1)
where Ap = P2 - Pi is the density difference, and U = Apgd 2/ 2 is a characteristic
velocity. The dimensionless group 112 is the Bond number, Bo, which measures the
relative importance of gravity and capillary forces. 113 is the viscosity ratio M be-
tween the fluids. We consider the limit in which the grain size is microscopic compared
with the macroscopic dimensions of the cell, so 114 ~ 0. For typical porous media
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flows, kinetic energy is negligible compared with potential energy and interfacial en-
ergy, which means that the Weber numbers U5 , H6 - 0. We are interested in the
steady-state configuration of the pinned interface, which eliminates the dependence
on H7 . Therefore, dimensional analysis suggests that the key control parameter of
the experiments is the Bond number. To vary Bo, we use different combinations of
cell height, bead size, and fluid pair, as explained in the previous sections.
2.3 Experimental Results
In a miscible exchange flow, two fluids of different densities are initially separated
by a vertical "interface". This fluid interface evolves by tilting smoothly around a
stationary point at a height h, [Figure 2-4 (a)]. In an immiscible exchange flow,
capillary forces strongly affect the flow behavior: a portion of the initial interface
remains pinned and does not experience any macroscopic motion [Figure 2-4 (b)].
We characterize capillary pinning by the height where the imbibition front meets the
vertically pinned interface, which we call the hinge height, h' [Figure 2-4 (b)].
To find the precise relation governing the hinge height, we understand the im-
miscible lock-exchange problem as a finite perturbation-driven by capillary forces-
with respect to its miscible counterpart. We suggest that (h, - h')/H ~ Bo-1, where
h8 /H is exclusively a function of M. This scaling relation is confirmed experimentally
(Fig. 2-5). The classical sharp-interface model for the miscible lock exchange [13, 10]
predicts that the value of h,/H depends weakly on the viscosity ratio, M, taking
a value of 0.5 when the two viscosities are equal (M = 1) and approaching an
asymptotic value of about 0.587 when the dense fluid is much more viscous than the
buoyant fluid (M - oc) (Fig. 2-5, inset). In the immiscible problem, the lower hinge
approaches the tilting point of the miscible problem when capillarity is negligible rela-
tive to gravity (h' --+ h, as Bo-- --+ 0), and is equal to zero when the balance between
capillary and gravity forces exceeds a certain threshold (h' = 0 for Bo- 1 > 0.14).
In this latter scenario, the entire interface is pinned by capillarity and does not tilt.
Rationalizing, explaining, and predicting this capillary pinning effect is the subject
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(a) miscible (b) immiscible
-t
56 cm
Figure 2-4: Exchange flow in a porous medium with (a) miscible and (b) immiscible
fluids. (a) The miscible fluids are water (blue) spreading over a denser, more viscous
mixture of glycerol and water. A smooth macroscopic interface tilts around a sta-
tionary point with fixed height h,. (b) The immiscible fluids are air (dark) spreading
over the same glycerol-water mixture. Part of the initial interface remains pinned,
which leads to sharp kinks or "hinges" in the macroscopic interface. We denote the
height of the lower hinge by h'. Both experiments were conducted in a transparent
cell packed with 1 mm glass beads.
of Chapter 3.
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1
0
o
glycerol-water mixture
propylene glycol
0.8 v  silicone oil
V
0.6 0.6
hs - hl V 0.587
hs
0.4 0 h,
0.2 0.5100 102 104
V M4
0
0 0.1 0.2 0.3
Bo-1
Figure 2-5: Scaling of the pinned interface height in an immiscible exchange flow. We
measure the deviation of the immiscible lock exchange from the miscible lock exchange
via the normalized difference between the lower hinge height h' and the height of the
miscible tilting point, h, (inset). This quantity scales linearly with the strength of
capillarity relative to gravity, as measured by the inverse of the Bond number. Here,
we show experimental measurements (black dots) and a best-fit straight line (solid
black line).
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Chapter 3
Mechanistic Explanation
In this chapter, we show that the mechanism explaining the interface pinning behavior
is capillary pressure hysteresis. We demonstrate that capillary pressure hysteresis is
controlled by the pore geometry, due to the fundamental differences in the pore-level
invasion events between drainage and imbibition, and that it is present even in the
absence of contact angle hysteresis.
3.1 Mechanistic Cause of Interface Pinning
To understand the pinning behavior, we first need to obtain the pressure profile along
the interface. Consider the buoyant current of air spreading along the top boundary of
the cell. This is an active drainage front, because a nonwetting fluid (air) displaces a
fluid that preferentially wets the glass beads (silicon oil, propylene glycol, or mixtures
of glycerol and water). For the air to invade each pore throat, its pressure P"' must,
locally, exceed the pressure P in the liquid by an amount larger than or equal to
the drainage capillary entry pressure Pgr [17], which scales as Pr ~(/d)p(cos Or),
where 0 , is the receding contact angle [7] and o is a monotonically increasing function
that depends on the details of the pore geometry [22]. Due to the low viscosity of air,
and because the air phase is open to the atmosphere, we neglect pressure gradients
in the air for the purpose of this discussion, assuming P, = Patm. For slow flows, in
which pore-scale dynamic effects due to the intermittent pressurization of the viscous
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fluid are small [21, 30], the liquid pressure at the interface of the active drainage
front is P Patm - Pgr. Similarly, the interface of the dense current is an active
imbibition front (the wetting fluid is advancing into the pore space), so we take
the capillary pressure along this interface to be a characteristic imbibition capillary
pressure, Pjmb ~ (Q/d)<o(cos6a), where 0 is the advancing contact angle, which is
always larger than or equal to the receding contact angle 0, [7, 12, 32, 4].
The difference between drainage and imbibition capillary pressures, pgr > pimb
is the mechanistic origin of the pinning behavior. In the absence of capillarity, the
two interfaces corresponding to the drainage and imbibition currents meet at a single
stationary tilting point. In the presence of capillarity this cannot be the case because
these two fronts are at different pressures. This pressure difference is recovered along
a pinned portion of the interface between the drainage and imbibition fronts, which
must therefore have height Ahe = AP/(Apg) [Fig. 3-1].
We confirm this interpretation by performing immiscible lock-exchange experi-
ments in the micromodel [Chapter 2], etched to form a regular pattern of cylindrical
posts. This system serves as a porous medium analogue in the sense of introducing
microstructure, but without the complexity of a random medium and permits visual-
izing the flow at the pore level. The curvature of the fluid-fluid interface between the
cylindrical posts is a direct reflection of the capillary pressure across the interface.
The experiments show that the radius of curvature between posts is larger along the
imbibition front than along the drainage front, and that the radius increases uni-
formly from top to bottom along the pinned interface [Figure 3-1(b)]. At the top
of the pinned interface, the (small) radius is just large enough that it cannot over-
come the drainage capillary entry pressure. At the bottom, the (large) radius is just
small enough that it prevents imbibition from the wetting phase. These observations
confirm that it is not just capillarity, but capillary hysteresis, that is responsible for
interface pinning.
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(a)
I
(b) /
p - dratm pc
26 mm
(c)
9
p - imbatm -- pc
Figure 3-1: (a) Presence of a pinned interface in lock-exchange flow. Due to hysteresis
effects, the capillary pressure at the drainage front (Pgr) is larger than the capillary
pressure at the imbibition front (Pimb). Along the pinned vertical interface, the cap-
illary pressure transitions from Pjmb at the bottom to Pgr at the top. (b) Snapshot of
the pinned interface of an immiscible lock exchange experiment in a thin transparent
cell with a regular pattern of cylindrical posts simulating the pore-scale microstruc-
ture of a porous medium. The increase in capillary pressure (drop in wetting fluid
pressure) from left to right is visible via the decrease in the radius of curvature along
the interface. This increase in capillary pressure along the pinned interface is offset
by the drop in hydrostatic pressure. (c) The solid red line shows a simple interpre-
tation of the wetting phase pressure along the interface, as a function of elevation z.
We assume the pressure in the air is atmospheric at all times. The wetting-phase
interface pressure PI can be calculated by subtracting the capillary pressure from the
air pressure (PI = Patm - Pc). It is constant along the active drainage and imbibition
fronts, and varies hydrostatically along the pinned interface.
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3.2 Source of Capillary Pressure Hysteresis
We demonstrated in the previous section that the mechanistic cause of interface pin-
ning is the difference in drainage and imbibition capillary pressures. Here, we show
that the origin of capillary pressure hysteresis in our system is the fundamental dif-
ference in pore-scale invasion patterns between drainage and imbibition.
3.2.1 Pore Scale Interface Curvature
The amount of capillary pressure hysteresis in the system is given by
pdr - pimb = (I - rIn).(.1
C c (rdr rimb
The radii of curvature achievable in drainage (rdr) and in imbibition (rimb) are func-
tions of the receding and advancing contact angles, respectively, and of the pore
geometry. Along the pinned interface, the capillary pressure varies hydrostatically
from Pdr at the top to Pjmb at the bottom
Apghe = 7 (1 - - . (3.2)
T dr rimb
We can scale he by the cell height H, rdr and Timb by the grain diameter d. Then we
have
_ 7/d (1 1Nh' = - 2 (3.3)
c ApgH r/, r/~
The first term in Eq. (3.3) is the inverse of the Bond Number, as we have defined in
Section 2.2. The second term measures the amount of hysteresis in the system, and it
is a function of both contact angle and pore geometry. Capillary pressure hysteresis is
caused by (1) the difference in the advancing and receding contact angles and (2) the
fundamental difference in the invasion patterns of drainage and imbibition: invasion of
non-wetting fluid produces strongly curved interfaces whereas invasion of wetting fluid
produces much flatter interfaces [17, 22]. Although hysteresis in capillary pressure
is often caused by hysteresis in contact angle, such as for raindrop pinned on the
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surface of a window [27], it is not the case here. In fluid flow through porous media,
capillary pressure hysteresis is driven in large part by differences between drainage
and imbibition at the scale of the pore geometry, and may be present even in the
absence of contact angle hysteresis (i.e., even when one of the fluids perfectly wets
the solid). This is well illustrated by the robust scaling of the hinge height [Figure 2-
5], despite the exclusion of contact angle in the definition of our Bond Number. In
the following, we analyze quantitatively the effect of contact angle on the amount of
capillary pressure hysteresis, in the context of the micro-model [Figure 2-3; Figure 3-
1(b)].
Consider four posts of radius r, each a distance 2r apart from its nearest neighbors
[Figure 3-2]. We want to solve for the radius of curvature r, of the fluid-fluid interface
at a certain configuration. The interface must intercept the posts at an angle equal
to the receding contact angle 0, on the drainage side and the advancing contact angle
0a on the imbibition side.
In the following, we detail the procedure for calculating the interface curvature
on the imbibition side of the exchange flow. The interface curvature on the drainage
side can be calculated in a similar fashion. Let #1 denote the angle between the two
contact points of the interface arc between post 1 and post 2, as measured from the
center of the arc. As the interior angles of the pentagon highlighted in yellow add up
to 37r, it is straightforward to show that
01 = -r - 2(#1 + 0,). (3.4)
Let m denote the adjacent side of the right triangle highlighted in green, we can solve
for m using similarity property within the triangle highlighted in red
m = 2r - rcos(#1). (3.5)
The radius of curvature of the interface arc is simply the hypotenuse of the right
27
Eq. 3.5 Eq. 3.6|
~2
2r 14
Eq. 3.4 _L
2
Figure 3-2: Interface configuration (solid blue) on the imbibition side of the exchange
flow. We solve for the progression of the interface arcs as they advance through the
pore by enforcing pressure continuity between posts 1,2 and 3,4 (i.e. rI = r2). The
interfaces merge and advance to the next set of posts when the two interface arcs
touch (i.e. 41 + #2 = 3/47r). The diameters of the posts are 2r and each post is one
diameter away from its closest neighbors - same as the design of the micro-model
[Figure 2-3].
triangle highlighted in green
1 (2 - cos(# 1))r
r' sin(7r/2 - (#1 + a))
We can calculate the radius of curvature of the interface arc between post 2 and post
4, following the same procedure
2 (2/ - cos(#2))r
r sin(7r/2 
- (#2 + Oa))
To ensure pressure continuity, we enforce the radius of curvature of the interface
arc between posts 1,2 and 3,4 to be the same (r1 = r2) and we get
(2 - cos(#1))r 
_ (2 v/ - cos(# 2 ))r (3.8)
sin(7r/2 - (41 + Oa)) sin(7r/2 - (# 2 + Oa))
Using Equation 3.8, we can calculate the succession of interface arc curvatures as the
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(a)
drainage imbibition
Figure 3-3: Steady state interface configuration on the drainage side (solid red) and
imbibition side (solid blue) of the pinned interface, along with the interface progression
on the imbibition side (dashed blue), for a perfectly wetting imbibing fluid. Capillary
pressure hysteresis is apparent even in the absence of contact angle hysteresis, rather,
it is completely controlled by the pore geometry, due to the fundamental differences
in the pore-level invasion events between drainage and imbibition.
imbibing fluid advances through the pore, from #1 + #2 = 0 to #1 + #2 = 3/47r, at
which point the interfaces between posts 1,2 and 3,4 merge and advance to the next
set of posts.
In the case of exchange flow with a fluid that perfectly wets the solid (i.e., 0, =
6O = 00), the drainage capillary pressure at the top of the vertical interface is given by
-y/r. At the bottom of the vertical interface, the imbibition capillary pressure ranges
from PbWr, = 0.587/r (the highest achievable capillary pressure to ensure pressure
continuity between posts 1,2 and 3,4) to Pi = 0.197/r (the lowest achievable
capillary pressure before the interfaces between posts 1,2 and 3,4 merge and advance
to the next set of posts) [Figure 3-3]. As long as Apghc+P , > P"l, the imbibition
front is able to move up to the next set of posts. As he continues to decrease, at
some point, the previous condition is no longer satisfied and the vertical interface is
pinned. This analysis can be easily extended to fluids with different contact angles
[Figure 3-4].
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Figure 3-4: The difference (dashed green) between the inverse of the minimum ra-
dius of curvature in drainage (solid red) and the inverse of the maximum radius of
curvature in imbibition (solid blue), along with the inverse of the Bond number, de-
termine the maximum amount of capillary pinning in a system. In the case of the
micro-model, the differences in receding (drainage) and advancing (imbibition) con-
tact angles among the three fluids we consider contribute relatively little to capillary
pinning, compared to the differences in the inverse of the Bond number caused by the
differences in surface tensions.
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Chapter 4
Sharp Interface Model with
Capillary Pressure Hysteresis
In this chapter, we seek to develop a simple model to capture the dynamic behavior
of immiscible exchange flows. We base our mathematical model on the classical
sharp interface model [13, 10]. As mentioned in Section 1.2, the sharp interface
model is a partial differential equation for the height of the interface, which assumes
a hydrostatic pressure distribution everywhere and Darcy flow to link flow velocity
and pressure gradients. Here, we extend the model to include capillary pressure
hysteresis. We then solve the model numerically and compare the numerical results
with our exchange flow experiments in porous media.
4.1 Model Derivation
We consider exchange flow between a buoyant non-wetting fluid with density pi = p
and a dense wetting fluid with density P2 = p + Ap in a horizontal porous layer of
thickness H (Figure 4-1). We assume that the porous medium is homogeneous and
isotropic with permeability k and porosity <$, and that the boundaries of the flow
domain are impermeable. Since we assume that the two fluids are separated by a
sharp interface, the thickness of the fluids must add up to the height of the porous
layer everywhere, hi + h2 = H. By assuming hydrostatic pressure in both fluids, we
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can express the pressure distribution in the layer as
_ P1 - pg(z - h2 ) for z > h2  (4.1)
SP1 - Pe+(p+Ap)g(h2 - z) for z < h2
where P is the unknown pressure at the interface and g is the gravitational ac-
celeration. By definition, the pressure difference across the interface between the
non-wetting fluid and the wetting fluid is the capillary pressure Pc. We take Pc to
be some characteristic drainage capillary pressure Pcr where the non-wetting fluid
displaces the wetting fluid, and some characteristic imbibition capillary pressure Pjmb
where the wetting fluid displaces the non-wetting fluid. Across the pinned interface,
Pc jumps from Pdr to P mb
Q1(x t) t
H P P AP
h2 (XQt 2
AX
Figure 4-1: We develop a sharp interface model for the exchange flow between a
buoyant, non-wetting fluid and a dense, wetting fluid, separated initially by a vertical
interface. We assume Darcy flow within each fluid and hydrostatic pressure distribu-
tion everywhere. We then solve for the model by enforcing conservation of volume in
a control volume (dashed blue). The resulting model is a partial differential equation
that computes the height of the interface as a function of time.
The volumetric flux per unit width of fluid phase i is given by Darcy's law qi =
-kAh8P/ox, where Ap = kri/pi is defined as the mobility of the fluid phase and kri
is the relative permeability. Since we assume the two fluid phases to be completely
segregated in our model, the relative permeabilities are unity. The flow rate is given
by the product of the thickness of the fluid phase and its volumetric flux, Qi = hiqi,
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we obtain
Q1 = -h1kAk ax - pg (4.2a)8x(±Ox
Q2 = -h 2kA2  ap _ + Ap)g - a (4.2b)8x 09 x 09x)
The global conservation of volume is given by Q1 + Q2 0. Using this relationship,
we can solve for aP1/ax, and substitute into Equation 4.2 to get the flow rates of
both fluids. Since hi + h2 = H, we can express the flow rates in terms of only h2,
which also represents the height of the interface
Q2 = Apgk( 1 - f)h2 ah2  &P/Apg (4.3a)
/12 ax ax
f = h2 .(4.3b)h2 + M4(H - h2)
where f is the fractional flow function and M= p-u2 /9 1 is the mobility ratio. To
obtain an equation for the evolution of the interface, we consider the conservation of
volume of the dense fluid over region Ax and time At [Figure 4-1]. The change in
volume of the dense fluid is given by
AV2 = Ah 2Ax4 = (Q21x±Ax - Q2 |X)At. (4.4)
Inserting Equation 4.3 into Equation 4.4 and taking limits for small Ax and At, we
get the partial differential equation for the evolution of the interface in its dimensional
form
S( ( - f)h2 = ah 0. (4.5)
at ax _ f x ax _
where we define K = Apgk/(p 2#) as the characteristic buoyancy velocity and substi-
tute Pc/Apg with the capillary height hc. Since we have constant capillary pressures
along the active drainage and imbibition fronts, ahc/ax = 0. Therefore, ahc/ax / 0
only along the pinned interface. In other words, it introduces a jump [hc] in the
interface height of magnitude (P - PImb(Apg).
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We write the model in dimensionless form by scaling h2, he and x by the charac-
teristic length H and t by the characteristic time T = H/r
a ( (1 - f)h ah = 0. (4.6)19t x h9x ax _
where we substitute each variable in Equation 4.5 with its dimensionless counterpart.
Equation 4.6 is a partial differential equation describing the dimensionless interface
height h with respect to dimensionless time t.
4.2 Model Results
We solve Equation 4.6 for the interface height h, subject to no-flow boundary con-
ditions (ah/ax = 0) at the ends of the flow domain. We use a hyperbolic tangent
function to approximate the initial step like configuration of interface height (i.e.
h =0 for x <0, h = 1 for x > 0)
h(x) = 1 - [tanh(ax) + 1] (47)
2
where a is a parameter that controls the steepness of the initial condition. We solve
the equation numerically using a centered finite volume method in space with forward
Euler time integration.
The input parameters for the model are properties of the packed flow cell (porosity,
permeability, and dimensions), the properties of the fluids (densities and viscosities),
and the strength of capillary pressure hysteresis in the system, as quantified by the
length of the pinned interface ihc. To compare the model with experiments, we
measure all of these parameters a priori except for he which we measure during
the experiment. We find the shape of the interface shape and evolution predicted by
our sharp interface model agree well with the experiment [Figure 4-2].
Additionally, the model predicts quantitatively the time evolution of the nose (i.e.
leading edge) position of both currents-the buoyant nonwetting current [Figure 4-
3(a)] and the dense wetting current [Figure 4-3(b)].
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miscible immiscible
Figure 4-2: The interface configurations predicted by the classical sharp interface
model and our revised model (solid red) agree well with the miscible and immiscible
exchange flow experiments shown in Figure 4-2.
As mentioned in Section 4.1, our model assumes hydrostatic pressure distribution
everywhere, which is equivalent to assuming flow only in the horizontal direction.
Hence, it is remarkable that our mathematical description is able to predict accurately
the behavior of immiscible exchange flow where clearly there is vertical flow since a
portion of the interface remains pinned (and therefore vertical) indefinitely. The
similarity between the dynamics of miscible and immiscible exchange flows is also
reflected by the fact that the non-wetting and wetting currents advance according to
the classical X ~ ti/ 2 scaling before they hit the cell boundaries. However, capillarity
does reduce the exchange flow rate, and as a result slows down the process [Figure 4-3].
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Figure 4-3: Time evolution of the nose positions of the (a) buoyant nonwetting cur-
rent, and (b) dense wetting current, measured relative to the position of the initial
vertical interface. We scale nose position by the cell height H and time by the char-
acteristic time T = H/r. We show the data for six experiments with different values
of Bo-1 (black symbols). For a particular experiment (red), we compare the nose
positions from the experiment (circles) with those computed with the sharp interface
model (thick solid line). We also show nose positions from the numerical solution to
the miscible flow model ([hc] --+ 0; dashed line).
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Chapter 5
Conclusions and Future Work
We have performed a series of exchange flow experiments with immiscible fluids in
porous media. Unlike miscible exchange flow, where the fluid interface tilts smoothly,
we have found that the introduction of capillary forces in immiscible exchange flow
causes a portion of the initial interface to remain pinned [Figure 2-4]. We have
rationalized immiscible exchange flow as a capillarity driven perturbation with respect
to its miscible counterpart. We have found that the amount of interface pinning scales
linearly with the inverse of the Bond number, which measures the relative importance
of capillarity with respect to gravity [Figure 2-5].
We have shown that the mechanistic cause of interface pinning is capillary pressure
hysteresis-that the drainage capillary pressure is always greater than the imbibition
capillary pressure. This difference in capillary pressures is recovered along the pinned
interface from the drainage front to the imbibition front through increase in hydro-
static pressure [Figure 3-1]. Although capillary pressure hysteresis is often caused
by hysteresis in contact angle, we have demonstrated that this is not the case in im-
miscible exchange flows. Here, capillary pressure hysteresis is driven in large part by
differences in pore-scale invasion patterns of drainage and imbibition, and is present
even in the absence of contact angle hysteresis [Figure 3-3].
We have incorporated capillary pressure hysteresis to the classical sharp interface
model, assuming vertical flow equilibrium. The resulting model is able to predict
accurately the interface shape and its evolution of immiscible exchange flows [Figure 4-
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Figure 5-1: Finite release of a buoyant, non-wetting fluid (air) in a porous medium
filled with a dense, wetting fluid (silicon oil). The dense, wetting front hits the
left boundary, changing the spreading behavior of the buoyant current. Capillary
hysteresis is responsible for the pinning of the initial interface and, ultimately, for
stopping the buoyant plume at a finite distance, in stark contrast with a miscible
plume which would continue to spread indefinitely.
2]. Both the non-wetting current and the wetting current still migrate according to
the x ~ t 1 / 2 scaling of miscible exchange flows. However, capillarity retards the flow
rate of both currents [Figure 4-3].
Interface pinning effects due to capillary hysteresis are most pronounced when the
initial interface is close to one of the boundaries. In this case, one of the currents hits
the boundary early and the process models a finite-volume release. This scenario is
similar to the late-time spreading of a CO 2 gravity current, where the CO 2 plume has
spread along the top boundary of the saline aquifer and the height of the current is
much smaller than the thickness of the aquifer [10]. The finite release of a miscible
buoyant fluid spreads indefinitely. In contrast, a finite volume of immiscible fluid
spreads up to a finite distance at which the hydrostatic pressure difference that drives
the flow is exactly balanced by the difference in capillary pressures at the drainage
and imbibition fronts. In other words, capillary hysteresis stops the gravity current
[Figure 5-1]. This has important implications in determining the maximum migration
distance of CO 2 plumes and will be the subject of future studies.
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Appendix
Summary of Experiments
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A
mean bead mobility ratio Boh
Experiment diameter cell height porosity volume fraction nonwetting wetting fluid /d hinge height
d [mm] H [cm] nonwetting fluid fluid M - p,/pm ApgH h' []
2011-04-01 1 10.3 0.407 0.5 air silicone oil (50 cSt) 2584 0.021 0.523
2011-04-02 2.1 10.3 0.426 0.54 air silicone oil (50 cSt) 2584 0.010 0.527
2011-04-04 0.73 10.3 0.424 0.38 air silicone oil (50 cSt) 2584 0.028 0.456
2011-04-09 1 10.3 0.437 0.38 air glycerol-water (77.5 wt% gly) 2525 0.052 0.363
2011-04-12 1.75 10.3 0.437 0.38 air glycerol-water (77.5 wt% gly) 2525 0.030 0.407
2011-04-13 1 10.3 0.424 0.38 air silicone oil (50 cSt) 2584 0.021 0.516
2011-05-04-A 1 10.3 0.407 0.25 air silicone oil (5 cSt) 246 0.022 0.506
2011-05-04-B 1 5.2 0.407 0.33 air glycerol-water (77.5 wt% gly) 2525 0.103 0.139
2011-05-06-A 1.75 20 - 0.33 air glycerol-water (77.5 wt% gly) 2525 0.015 0.549
2011-05-06-B 1.25 5.2 0.412 0.33 air glycerol-water (77.5 wt% gly) 2525 0.082 0.212
2011-05-12 1 5.2 0.413 0.33 air silicone oil (50 cSt) 2584 0.041 0.43
2011-05-16 1.75 20 0.417 0.33 air silicone oil (50 cSt) 2584 0.006 0.572
2011-05-20 1.25 5.2 0.412 0.33 air propylene-glycol 2481 0.062 0.365
2011-05-25 1 5.2 0.413 0.33 air propylene-glycol 2481 0.078 0.313
2011-05-31 0.36 5.2 - 0.33 air glycerol-water (77.5 wt% gly) 2525 0.287 0
2011-06-01 0.73 5.2 - 0.33 air glycerol-water (77.5 wt% gly) 2525 0.142 0
2011-08-17 1 2.5 0.392 0.22 air silicone oil (20 cSt) 1021 0.086 0.233
2011-08-22 1 2.5 0.392 0.33 air silicone oil (20 cSt) 1021 0.086 0.25
2011-08-25 1.25 2.5 0.392 0.33 air silicone oil (20 cSt) 1021 0.069 0.303
2011-08-29-A 1 10.3 0.407 0.29 air silicone oil (50 cSt) 2584 0.021 0.517
2011-08-29-B 1 5.2 0.413 0.33 air silicone oil (20 cSt) 1021 0.041 0.422
2011-09-12 1 5.2 0.413 0.33 air silicone oil (50 cSt) 2584 0.041 0.387
2011-11-04 1.25 5.2 0.413 0.05 air glycerol-water (77.5 wt% gly) 2525 0.082 0.372
2012-02-17 0.73 2.5 - 0.33 air silicone oil (50 cSt) 2584 0.117 0.17
2012-02-28 0.51 2.5 - 0.33 air silicone oil (50 cSt) 2584 0.166 0
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